IMPORTANCE Minimally invasive colectomy (MIC) is an increasingly common surgical procedure. Although case series and controlled prospective trials have found the procedure to be safe, it is unclear whether safe adaptation of this approach from open colectomy (OC) is occurring among surgeons.
M inimally invasive colectomy (MIC) approaches have become common. In the United States, rates of laparoscopic colectomy increased from 2.2% in 1996 to 31.4% in 2009. 1 By 2012, laparoscopy had become the most common approach to elective colectomy, accounting for 59.3% of cases. 2 Patient safety concerns can arise any time that a new surgical technique is introduced and again as it is widely adopted into surgical practices. Some surgeons may more effectively and safely adopt new techniques, whereas others may be less well trained or experienced with a newer approach yet feel a myriad of pressures to apply the technique. Although the safety of MIC approaches has been established, it is unclear whether the safe adoption of these techniques is occurring broadly among all surgeons who now perform these complex procedures. 3 In addition, colectomy is often treated as a single procedure type in the measurement and reporting of surgical outcomes. It is unclear whether this is appropriate because favorable surgeon outcomes in open colectomy (OC) may or may not be associated with similar outcome rates for MIC approaches. The correlation of surgical approach with surgeon-level outcomes must be better elucidated.
If there is not a strong correlation between the best outcomes in OC and the best outcomes in MIC, novel approaches may be needed to help train surgeons in new techniques. Understanding the association between surgeon performance in OC and MIC could better inform surgeons, hospitals, accreditation bodies, and surgical societies in ensuring the safety of patients. We sought to characterize the association between outcomes in MIC and OC at the surgeon level. We studied patients undergoing MIC and OC to examine the variation in 30-day complication rates across surgeons and evaluate the associations with surgeon performance. We hypothesized that differences in variation in complication rates across surgical approaches exist, implying inconsistencies in the safe adoption of MIC among surgeons.
Methods

Data Source
The Michigan Surgical Quality Collaborative (MSQC) is a 73-hospital consortium that represents diverse practice settings (community and academic) throughout the state. The MSQC data abstraction and data quality assurance details have been described elsewhere. [4] [5] [6] In brief, specially trained data abstractors prospectively collect information on patient characteristics, intraoperative processes of care, postoperative laboratory results, and 30-day postoperative outcomes for patients undergoing specified general, vascular, and gynecologic surgical operations, using a sampling algorithm that minimizes selection bias. This algorithm divides each calendar year into 46 eight-day cycles from which the first 25 consecutive surgical operations that meet the MSQC inclusion criteria are selected. The cycle rotates every 8 days to ensure that every cycle begins with a different day of the week. The MSQC does not collect data for patients younger than 18 years, those classified as American Society of Anesthesiologists (ASA) class 6, and those undergoing bariatric, trauma, or transplant operations or operations performed within 30 days of another operation captured by the MSQC. Regular data audits ensure registry data validity in accordance with established policies and procedures. Data collection and review for the MSQC are institutional review board exempt at participating hospitals; therefore, no separate informed consent was required for this study.
Patient Population
This study included all adult patients who underwent MIC or OC from January 1, 2012, through December 31, 2015, in the MSQC with surgeons who had a minimum of 10 recorded OCs and 10 MICs each (n = 5196 patients who underwent operations by 97 surgeons at 1 of 46 hospitals). Any laparoscopic, laparoscopy-assisted, robotic, robot-assisted, and singleincision laparoscopic colectomies were classified as MIC. Akin to an intention-to-treat analysis, all cases included in the database as laparoscopic converted to OC and robotic converted to OC were also included in the MIC cohort.
Outcomes
Data were collected on 25 different colectomy-related outcome measures that occurred within 30 days of the operation (corresponding to short-term complications). The primary outcome measure for this study was the occurrence of any complication (grades 1-3) within 30 days after operation. A secondary outcome was the change in surgeon rank for the primary outcome across OC and MIC approaches. Recorded complications included acute renal insufficiency and/or failure, pneumonia, sepsis, superficial incisional surgical site infection, urinary tract infections, anastomotic leak, deep incisional surgical site infection, deep vein thrombosis that required therapy, organ or space surgical site infection, pulmonary embolism, severe sepsis, unplanned intubation, cardiac arrest that required cardiopulmonary resuscitation, myocardial infarction, stroke or cerebrovascular accident, and mortality.
Independent Variables
The primary exposure variable was the operating surgeon identified through a unique but deidentified variable in the MSQC registry. Patient characteristics, including demographic data and comorbidities, were used as covariates in the logistic regression model that determined complication rates for indi- 
Key Points
Meaning
The study findings imply a need for improved training in adoption of minimally invasive colectomy techniques among some surgeons.
vidual surgeons. Patient demographic data included age, sex, race, insurance type, body mass index, smoking history, functional status, and ASA classification. Comorbidities included preoperative cardiovascular, pulmonary, renal, hematologic, gastrointestinal, and endocrine diagnoses included as independent dichotomous variables. Comorbidity status was obtained from the MSQC registry and was defined by documentation of that condition or its treatment in the medical record.
Other covariates included year of operation, patient admission source, and procedure urgency (elective, urgent, or emergency). To explore the degree to which surgeon variation in complication rates correlated with surgical approach, we compared overall complication rates and corresponding surgeon rank for OC with the same measures for MIC.
Statistical Analysis
For each surgeon, we generated risk-and reliability-adjusted rates of overall and serious short-term complications. Multilevel mixed-effects logistic regression was used to evaluate risk factors for postoperative complications. On the basis of backward stepwise selection methods, the final mixed-effects regression models included risk factors that were significant (P < .05) in univariate analysis as fixed patient-level effects in our multivariable model.
To account for variation in surgeon procedure volume, we used 2 approaches. First, we included only surgeons with at least 10 OCs and 10 MICs recorded in the MSQC data. Second, in our multivariable model, the surgeon identifier was incorporated as a random effect to account for clustering of patients by surgeon. 7, 8 We also performed reliability adjustment, a technique that is useful for surgeons with small numbers of cases whose crude outcome measures may be skewed because of atypical results in the setting of a small sample size. Reliability adjustment works by shrinking the point estimate for complication rate back toward the mean complication rate for the entire cohort, with the degree of shrinkage proportional to the reliability measure of each surgeon. 8, 9 These methods aim to produce a true measure of surgeon complication rates that allows for more valid comparisons of surgical quality for MIC across surgeons in the MSQC. Before adjustment, characteristics of patients who underwent OC and MIC were compared using the Pearson χ 2 test for categorical variables and the t test for continuous variables. Descriptive statistics were used to characterize the overall incidence of specific postoperative complications. After risk adjustment, variation in adjusted complication rates was assessed for OC and MIC approaches. Then, ranked surgeon complication rates were compared across approach types. Each single surgeon was assigned a rank based on complication rates by approach, and these were then compared. For example, a surgeon might have been ranked 1 of 97 (lowest complication rate overall) for OC but ranked 26 of 97 (26th lowest complication rate overall) for MIC. Statistical analyses were performed using STATA/SE software, version 13 (StataCorp). All hypotheses were tested using a 2-sided approach with P < .05 considered to be statistically significant.
Results
Of the 5196 patients (mean [SD] Table 1 . Patients undergoing MIC were younger, with a slightly higher body mass index, more likely to be male, more likely to be white, and more likely to be classified as ASA class I or II. With the exception of statin use, all cardiovascular comorbidities were statistically significantly less common in the MIC cohort. Other endocrine, gastrointestinal, hematologic, oncologic, and alcoholrelated comorbidities were less likely in the MIC group. Obstructive sleep apnea was slightly more common in the MIC group (425 [13.6%] vs 218 [10.5%], P = .001). All other pulmonary comorbidities were less common in the MIC group. Patients in the MIC group were less likely to be undergoing dialysis preoperatively and less likely to have a preoperative urinary tract infection.
Patients in the MIC group were also more likely to have private insurance and less likely to be uninsured or have government-sponsored insurance. There was also a much higher per Differences in specific complications across surgical approaches are listed in Table 2 . No statistically significant difference in complication rates was found by approach for catheter-associated bloodstream infection, cardiac arrest requiring CPR, and stroke or cerebral vascular accident, with low event rates in both groups. The rates of individual complications were statistically significantly higher in OC for all other complication types.
Variation in adjusted complication rates for MIC is shown in Figure 1 . There was a nearly 3-fold variation across surgeons, with adjusted rates ranging from 8.8% to 25.9%. Similarly, variation in adjusted complication rates for OC is shown in Figure 2 . There was 1.7-fold variation among surgeons, with rates ranging from 25.9% to 43.8%.
Next, we compared surgeon ranking for adjusted complication rates in MIC vs OC (Figure 3) . Among the 97 surgeons ranked, the mean change in ranking for complications between OC and MIC approaches was 25 positions in the rankings. The top 10 surgeons for OC are highlighted in the figure with darker coloration. These same surgeons, when their performance is assessed for MIC, ranged in rank from 6th to 89th place of 97 surgeons.
Sensitivity Analyses
To ensure that these results were not skewed disproportionately by the morbidity of cases that were converted from MIC to OC, we performed a sensitivity analysis that excluded these cases and found generally similar results (eTable and eFigure 
Discussion
We found that (1) there is substantial variation in adjusted complication rates for MIC among surgeons in Michigan participating in the MSQC, (2) this variation is nearly twice as wide as the variation in complication rates for OC among these same surgeons, and (3) surgeons who rank highly in patient outcomes for OC do not necessarily rank similarly in outcomes for MIC. These results imply that there is variation in the safe adoption of MIC among surgeons. Many previous studies [10] [11] [12] have examined hospital-level outcomes related to surgical approach in colectomy. Fox et al 10 found that hospitals with higher rates of laparoscopy had slightly lower postoperative morbidity and length of stay. A multi-institution study 12 using Surveillance, Epidemiology, and End Results Medicare data identified a hospital effect for length of stay and in-hospital mortality after laparoscopic colectomy. In addition, a study of colectomy by Xu et al 13 found that postoperative complications varied more by surgeon (30.0%) than by hospital (18.2%), suggesting that quality improvement efforts should perhaps be aimed more at the surgeon level. We were able to complement the results of these studies by examining the within-surgeon effects of surgical approach. This type of surgeon-level information is, in large part, less commonly available for study at a multi-institution level and is perhaps more important for quality improvement. The MSQC data set allows us to examine outcomes by surgeon, and in doing this, we identified substantial, clinically significant variation in surgeon-level outcomes.
There are several implications of these findings. We found that variation in complication rates for MIC is 2-fold higher among surgeons in MIC than for these same surgeons for OC despite a much higher risk profile and higher overall complication rate for OC. In addition, we found that surgeons who rank highly in patient outcomes for OC do not necessarily rank similarly in outcomes for MIC. This finding may mean that those surgeons who are the most skilled at OC may be the most experienced in this technique. Perhaps they trained before the advent of MIC approaches or in an environment in which these approaches were rarely used, which would potentially explain the substantial decrease in surgeon ranking for MIC approaches for many of these surgeons who do well with OC. These findings support a potential need for improved training in MIC techniques with the goal of attenuating this observed variation to make it proportionally the same as or less than the variation observed in OC. Many possible approaches to improve surgeon skill after training are being explored, including the use of video-based coaching and feedback.
14 However, the best way to train surgeons who are currently in the workforce is still unclear. Moreover, the best entity to facilitate this training remains unclear, although there are many clear stakeholders in improving the safe adoption of new techniques. 15, 16 As such, a potential remedy to our findings may be improved access to resources for training in the adoption of new surgical techniques.
Limitations
There are several potential limitations in our study. First, these data represent the results of a retrospective cohort study. Inherent in this approach is selection bias and unmeasured confounders. Namely, each surgeon made an individualized decision with regard to their own skill and experience and patientspecific factors on which approach to use. The reasons behind this choice may not be captured in this data set. Although we were not able to eliminate these differences in case mix, we were able to mitigate them using the multiple granular covariates supplied by the MSQC data and the use of hierarchical modeling with reliability adjustment. A particularly poignant supplement to this work would be the performance of interviews with surgeons regarding preferences for surgical approach and reasons for any hesitation to use one approach over the other in certain circumstances. Another possible limitation is that the observed differences for surgeons, by approach, is attributable to differences in case mix. For example, some surgeons may have simply been "dealt a worse hand" in terms of patients with more or worse comorbidities and risk factors. Although the potential for unmeasured confounders always exists, we were able to use a particularly robust and granular data set to adjust for patient-related factors. In addition, because of the deidentified nature of our surgeon data, we did not have access to surgeon-specific training histories (general surgery, colon and rectal surgery, or surgical oncology), which could certainly have an effect on comfort with performing MICs and OCs. We were similarly not able to adjust for hospital-level effects attributable to hospital type (community, teaching, or academic centers). Although some data sets, such as the National Cancer Data Base, track these center-specific variables, our MSQC data set did not include these data; thus, we were unable to account for these potential effects.
Conclusions
There is substantial variation in adjusted complication rates among surgeons for MIC in Michigan. This variation is proportionally wider than the variation in complication rates for OC among these same surgeons. Last, many surgeons whose patients fared the best for OC did not have similar standing, relative to their peers, for MIC. It is likely that new approaches should be implemented to better train those surgeons who are already skilled in OC to perform newer MIC techniques safely and consistently. Michigan Surgical Quality Collaborative data on variability in outcomes after laparoscopic colectomy (LC). The authors found significantly more variation in outcomes after LC relative to open colectomy among individual surgeons. This identified a quality gap for LC outcomes, the first step for quality improvement.
Laparoscopic native surgeons undergo extensive LC training during residency and fellowship and start practice well along the learning curve to mastery. 3 Conversely, surgeons who are laparoscopic adopters add LC to their established practices and may have different learning curves, depending on multiple factors, such as volume and institution type. Traditionally, additional training in LC is by continuing medical education courses at annual surgical society meetings, regional cadaveric courses, and at IRCAD (Research Institute Against Digestive Cancer), which offers high-quality MIS training at centers worldwide. Unfortunately, despite taking courses, the next step in the educational process is often abandoned-ongoing assessment and proctoring. Surgeons return from these courses excited to use their newly honed skills but may lack the volume, expertise, or assistance to foster mastery. Therefore, variability in LC outcomes and eventually a lack of optimal adoption of these techniques into practice may occur. Postcourse ongoing formal skills assessment and proctoring may hold promise in addressing the posttraining LC quality gap. In fact, Birkmeyer et al, 4 using digitally captured bariatric cases, found a relation between peer rating of surgeons MIS skills and clinical outcomes that revealed that peer rating of skills is an effective way to assess surgeon proficiency. Recently, ongoing proctoring and coaching have been recognized as a value-added method for improving surgeons skills. Hogg et al, 5 regarding ongoing training in MIS pancreatic resections, suggested that we move beyond the "see one, do one, teach one" 5(p 235) paradigm and adopt a more rigorous, formal, and ongoing process. These emerging data would suggest that video-based assessment and ongoing proctoring may help close the quality gap for LC. 6 Related article page 860 
